The 
Introduction
Accurate and prompt on-line fault detection and diagnosis (FDD) of induction machines improves safety and reliability of industrial processes. Recent investigations regarding induction motor reliability have revealed that 19% of the total motor faults are related to the rotor part [1] .
Variety of methods, such as short time Fourier transform (STFT) [2] , high resolution frequency estimation [3] , and signal demodulation (SD) technique [4] have been proposed and developed to reduce the effect of the non-periodicity and non-stationary on the analysed signals. All above mentioned techniques are based on fast Fourier transform (FFT) and provide high quality discrimination between healthy and faulty conditions. However, FFT based approaches can not show fault evolution information in time domain. Wavelet analysis, which provides greater resolution in time for high frequency components and greater resolution in frequency for low frequency components, has been proposed to overcome this shortcoming.
Since the emergence of wavelet analysis, this method has been used with different approaches for the diagnosis of rotor anomalies in induction machines such as wavelet ridge method [5] or wavelet coefficients analysis [6] . Following up these steps, approximations and details signals were investigated for reproducing the instantaneous evolution of rotor fault frequency components [7] and quantifying the fault extents [3] . However, the majority of these methods track rotor fault frequency components on multi frequency bands, which make the diagnosis processes complicate.
This paper proposes a new broken rotor bar fault diagnostic method for diagnosis of squirrel cage induction motors. This method is based on discrete wavelet coefficients and applicable for induction motors operating under varying load conditions. In this paper, winding function approach (WFA) was used to develop a mathematical model to provide indication references for parameters under load variation. Stator current was used to demonstrate the relationship between this parameter and broken rotor bar severity.
Model of three phase induction machine
To study the amplitude variation of currents, speed and torque components, WFA based coupled circuits model which accounts for all the space harmonics in the machine is adopted as shown in Fig. 1 [8] .
The model of the induction motor is considered using the following assumptions: the air-gap is uniform and smooth; the magneto motive force (MMF) distribution in the air-gap is sinusoidal; the rotor bars are insulated from the rotor and there is no inter-bar current flows through the laminations; the permeability of machine armatures is assumed infinite; the eddy current, friction, windage losses, saturation and skin effect are neglected [8] .
The mathematical model for the induction machine can be written as: 
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The mechanical equation of the machine is:
where T em is the electromagnetic torque produced by the machine, T L is the load torque, J is the inertia of the rotor and Ω m is the mechanical speed. It is also assumed that i f as one of stator phase current, i (1-2s) f is the arising current due to rotor asymmetry. The expression of i f and i (1-2s)f are:
where ω = 2πf represents power supply angular frequency; I f , I (1-2s)f , a f , and a (1-2s)f represent the amplitude and initial phase of f and (1-2s)f frequency characteristic components respectively.
The fundamental magnetic flux can be expressed as:
where Φ is magnitude of fundamental magnetic flux, a Φ is the initial phase of fundamental magnetic flux. The fundamental current i f interacts with the fundamental magnetic flux Φ generates torque:
where P is the numbers of pole pair.
Under the same rule, the arising current i (1-2s)f due to broken bars interacts with the fundamental magnetic flux produces an oscillatory torque at frequency 2sf:
The amplitude of torque oscillation is: (7) demonstrates that the fundamental current interacting with supply current generates a constant torque. In contrast to (7), (8) shows ΔT (1-2s)f modulated by frequency 2sω, which leads to speed alternation component Δω r (t) according to motor rotating theory.
The driving system incremental equation of motion is presented as:
where J is the combined machine load inertia, ω r is the rotor rotate speed. Taking the integration operation, the speed ripples caused by torque oscillation can be expressed as:
The amplitude of speed oscillation is:
Due to rotor asymmetry, the (1±2s)f rotor currents generated by the corresponding EMFs produce two rotating fields at frequencies ±3sf and generate same EMF and current. As a consequence, this process gives rise to stator current components at frequencies:
With the result of previous analysis, oscillation signal distortion happens in current, speed and torque when broken rotor bars faults developed. Moreover, the amplitude of this oscillation depends on the factors of fault extent, operating conditions and the inertia. Therefore, the direct apply FFT to machine stator current under this circumstance seems ineffective.
Discrete wavelet transform
Discrete wavelet transform (DWT) decomposes a signal by passing it successively through high pass and low pass filters into its approximate and detailed versions using multi resolution analysis (MRA) as seen in [9] . Each step of decomposition of the signal corresponds to a certain resolution. 
Fig. 1. Elementary rotor loops and current definitions.
which is denoted dyadic decomposition. The spectral frequency bands of different detailed coefficients are shown in the Table 1.
Broken rotor bar fault and quantitative diagnostic approach
The current component and its oscillation can be related to the fault rate in steady state condition. Characteristic current at frequency (1 ± 2ks)f merge in the stator current when rotor asymmetry happens. Among these arisen currents, frequency at (1 ± 2ks)f is the most suitable signal used for fault detection and quantitative diagnostic due to the evidently amplitude. It is known that load level, fault extent are essential elements lead to motor variables variation. However, stator variables are constant values under normal condition and broken bar fault. In this paper, mean absolute value is used to represent the load level. Standard deviation (SD) is used to illustrate the oscillation caused by broken bars. The expression of mean absolute and standard deviation are presented in (14) and (15) and the calculated result shows in Table 3 . Table 4 shows the values of mean absolute and standard deviation. Mean absolute represents the load variation, while standard deviation is used to represent signal oscillation. The ratio between standard deviation and mean absolute is introduced as an index for induction motor broken bar quantitative diagnostic analysis. The ration of the amplitude of oscillation of stator current and its mean value is presented as:
where SD represents standard deviation, meanabs represents mean absolute values.
By calculating the fault index (16), it is much easier to diagnose the induction machines condition. As shown in Table 4 , under healthy situation this index is around 1.67; when one broken rotor bar occurs, this index will drop to 1.40. As broken bars number increase, the index will continue drop to 1.36 and 1.31 under two and three broken bars. Table 4 has shown the obvious gap between these indexes. 
Experimental test and results
The characteristics of the three phase induction machine used in the tests are listed in Table 2 . Among these tests, induction machines with healthy, one broken bar, two broken bars and three broken bars under no-load, 30% load, 60% load and full load conditions are tested and compared. A current Hall effect sensor is placed in one line wire. The stator current is sampled at 5 kHz rate and transferred to a PC by an ADC-11 acquisition board.
In each experiment, induction machine are start with no load condition for 30 second then 30%, 60% and full load are added and keep running for one minute. The experimental results are shown in Fig. 3(a-d) .
Under healthy condition, the indexes are between 1.5-1.7; under one broken bar these values are around 1.4; under two broken bars these values are close to 1.35, while under three broken bars scenario, these ratios are 1.3 as shown in Table 5 . The results demonstrate the ability of the proposed approach for induction motor broken bar quantitative diagnostic analysis.
Conclusion
It has been shown that the current components at frequencies (1 ± 2s)f can be used for rotor fault diagnosis of an induction machine. The characteristic frequencies are strongly dependent on the load level and fault extent. Following the physical phenomena caused by the failure, simplified relationships linking stator current, speed and torque ripples components have been derived. These relationships allow to recognise the machine reaction on the speed ripple as stator current and fault extent. Therefore, the ratio of the ripple components leads to the computation of the actual broken bar number and can be referred as fault severity without complicated calculation. 
